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The hybridization of two-dimensional transition metal dichalcogenides (TMDCs) with 
colloidal quantum dots has been demonstrated to be an ideal platform for low dark-
current and highly sensitive photodetection due to a carrier recirculation mechanism 
producing very high gain. However, TMDCs react sensitively to surface modifications 
and the sensitizing quantum dots introduce uncontrolled doping, which prevent these 
hybrids from reaching large on/off ratios, met in pristine 2D transistors. In this work, 
we report on a new hybrid device architecture with a semiconducting TiO2 buffer layer 
at the interface of molybdenum disulfide (MoS2) and lead sulfide (PbS) QDs. The buffer 
layer encapsulates the MoS2 transistor and preserves the gate modulation by 
suppressing the high density of localized sub-bandgap states that pin the Fermi level. 
The maintained gate control over carrier density in the conduction channel allows for 
low noise operation similar to pristine MoS2 devices. We report on effective charge 
transfer with quantum efficiency of 28%, a photoconductive gain that can be tuned with 
gate voltage yielding responsivity of 103–105 A/W, and specific detectivity of 5×1012 
Jones, an improvement of more than one order of magnitude compared to MoS2/PbS 
devices without buffer layer. The present methodology discloses a new path to control 
interface and degenerate doping effects of 2D-crystal-based hybrid devices. 
 
In modern optoelectronics the p-n-junction is at the heart of a vast range of device building 
blocks. In photodiodes, for instance, the high electric field within the depleted p-n-interface 
region serves to separate electron-hole pairs after photoexcitation and forms the basis of 
sensitive photodetection. Apart from photodiodes, the p-n-junction can also be beneficial for 
phototransistors, where the decoration of the channel material with semiconductors of 
opposite doping polarity creates interesting new device designs with improved light response. 
Especially in the case of ultrathin two-dimensional channel materials such as the TMDCs or 
graphene1, this sensitizing approach enhances the inherently low absorption of 2D materials, 
owing to its atomic thickness. Graphene has been sensitized with a multitude of absorbing 
semiconductors such as CQDs2,3, TiO24, perovskites5 or other 2D materials6,7, leading to 
reported responsivities as high as 105–1010 A/W, where typically the highest responsivity 
values are followed by impractically slow photoresponse. The lack of bandgap and its 
corresponding high noise current and power consumption, however, impose challenges for its 
application in low power electronics. Recently, phototransistors based on MoS2 have drawn 
substantial attention, as their bandgap allows gate-controllable operation at low off-currents8–
12. When employed as the conducting channel in hybrid phototransistors, the reported 
mobility of MoS2, in the range of 1–60 cm2/Vs, is beneficial when hybridizing it with low 
mobility material systems such as QDs (10-3 cm2/Vs). A considerably high gain of 106 
electrons per absorbed photon along with decay times in the range of 300–400 ms were 
reported in first MoS2/PbS hybrids13. However, despite its large bandgap of 1.2–1.8 eV, the 
initially high on/off ratio decreases significantly upon sensitization with QDs resulting in 
large dark currents of 10–100 nA, several orders of magnitude above those reported in 
pristine MoS2 transistors.  
The atomically thin profile renders TMDCs extremely sensitive to surface modifications. 
Controlled doping strategies still remain poorly understood and form one of the key 
challenges in 2D-based optoelectronics. Various different approaches based on molecular 
doping14–18, substitutional doping19,20, chemical surface treatment21,22 or strong bonding to 
defect sites23,24 have been employed. However, most of them yield either in degenerate 
doping with metallic behaviour or strongly reduced electrical gate-modulation, as in the case 
of MoS2/PbS. While degenerate doping is useful for high quality contact formation with 
reduced contact resistance16, the loss of on/off ratio is detrimental for high sensitivity 
photodetectors. Recently, it was found that defect sites, such as sulphur vacancies, play a 
major role in MoS2 doping, as they offer connecting links for organic functional groups24. In 
optoelectronic heterojunctions, this can lead to a fundamental trade-off: for one, hybrids rely 
on strong electrical coupling at the interface for efficient charge transfer. For this purpose, 
defect sites can be useful to adhere organic functional groups and crosslink the sensitizers. 
However, the direct crosslinking of sensitizers at defects may also lead to aforementioned 
uncontrolled doping effects, increased charge scattering or a high density of localized states, 
which affect the electrical modulation efficiency and charge transport of the hybrid. A new 
path has to be found to combine TMDCs with sensitizers to form efficient heterojunctions 
and support charge transfer without compromising its unique electronic transport properties. 
 
In this letter we implement interface engineering by using an appropriate buffer layer 
between MoS2 sheets and colloidal QDs to maintain the FET characteristics of the MoS2 
channel and thereby improve phototransistor performance. We chose the large bandgap 
semiconductor TiO2, as its energy levels align well at the MoS2/PbS interface to form an 
efficient p-n-junction with PbS and facilitate electron transfer to the MoS2 channel.  It 
simultaneously passivates the interface region and suppresses high density of localized states. 
The latter are responsible for Fermi-level pinning and reduction of the modulation capacity of 
the phototransistor. We compare the new device design to MoS2/PbS control devices and 
demonstrate an improvement in on/off ratio by more than 2 orders of magnitude, high 
sensitivity of 5×1012 Jones in the visible and fast response times of less than 12 ms. This new 
approach paves the way for a wide range of hybrid optoelectronic devices based on 2D 
crystals, where the control of interface and doping is of major importance. 
 
Results 
Preparation and device architecture. We began our study by fabricating standard MoS2 
field effect transistors with a variety of channel thickness from 1 to 10 layers. The flakes 
were exfoliated by using PDMS tape, a method described recently by Li et al.25 to achieve 
larger device dimensions, which in our case range from 30–50 μm2. Figure 1a shows a 
sequence of device fabrication steps from left to right, which includes standard MoS2 FET 
fabrication with Ti/Au metal contacts, ALD deposition of a thin buffer oxide layer, and a 
final spincoating deposition of the QD film. As shown in previous work, the encapsulation 
with isolating oxides as HfO2 or Al2O3 in a high temperature process enhanced electronic 
performance by boosting mobility, reducing hysteresis, and increasing device on-currents9. In 
this work, we chose the semiconducting oxide TiO2 over the previously reported insulating 
oxide films. The semiconducting character of this interlayer is important for it not only serves 
as a protection layer, but also acts as an efficient electron transport medium between MoS2 
and PbS. TiO2 is a well-studied n-type semiconductor, often used in solar cells to form an 
effective p-n-junction with colloidal PbS quantum dot films26–28. The large bandgap of 3.2 eV 
further ensures that TiO2 has no impact on the optical properties of the device in the vis/NIR 
as its absorption is limited to UV radiation. The thickness of the TiO2 film was tested from 5–
40 nm, but had no clear influence in this range on final photodetecting device performance or 
on/off ratio (see SOM T1). All devices reported in this manuscript possess therefore a 
standard thickness of 25 nm. In a last step of the fabrication process, the PbS quantum dots 
were spincoated from solution in a layer-by-layer technique up to a thickness of 80–100 nm. 
More details on device fabrication can be found in the methods section and supplementary 
information.  
 
Transport properties of hybrid stages. To evaluate the electrical performance of the new 
device design, we investigated the transfer curve IDS-VG. Figure 1b and c summarize the 
modulation curves of a 5-layer MoS2 device after each fabrication step, measured under bias 
voltage of 1V. From previous results we know that encapsulation with oxides can lead to n-
type doping effects due to removal of adsorbates or due to oxygen vacancies in non- 
stoichiometric oxide films, that create donor states close to the conduction band9. We found a 
similar electron doping effect upon encapsulation with ALD deposited TiO2 as compared to 
other oxides. Although the ALD deposited material is in contact with the Au source- and 
drain-electrode, the low mobility of the non- stoichiometric TiOx and a non-ohmic alignment 
to contacts lead to negligible current leakage through the oxide film. The previous MoS2-FET 
characteristics are mostly maintained and typically off-currents of 100 pA are reached. The 
increase in off-current was found to be independent on TiO2 thickness up to 40 nm, 
suggesting that the off-current doesn`t stem from leakage through the TiO2 film, but rather 
from electron doping at the interface. Upon deposition of p-type PbS QDs on top of the 
encapsulated channel, the threshold voltage clearly shifts back again, indicating a doping 
compensation effect of the MoS2/TiO2 hybrid as a result of the formation of the junction. This 
leads to dark current in the depletion regime dropping to few tens of pA. In the linear regime, 
under a low bias of 100 mV, the two-terminal field-effect mobility was estimated and shows 
only minor changes at all hybrid stages, ranging from 22–25 cm2/Vs. 
 
 
Modulation model.  
To understand the effect of the oxide buffer layer, the device characteristics have to be 
compared with MoS2/PbS devices where the interface is not protected, referred to as control 
devices. In Figure 2a typical modulation curves of control devices are plotted before and after 
sensitization with QDs. The loss of modulation in the control device was associated with 
strong doping effects, where dithiol ligands initially n-type dope MoS2 strongly and the 
addition of p-type PbS reversed the doping effect13. Just recently, it was shown that thiols can 
be used for doping of TMDCs, as the sulfide component chemically interacts with sulfur-
vacancy defect sites in the MoS2 surface24. Depending on polarity of the functional group the 
doping effect can either be p- or n-type. In the case of MoS2/PbS hybrids, the dithiols fill 
these defect sites and crosslink to PbS quantum dots, causing a strong charge transfer 
mechanism. Although doping plays a role upon hybrid formation, it is not the dominant 
mechanism behind the clear loss of modulation. When the defect-rich MoS2 surface connects 
to PbS QDs, a detrimental side-effect of the direct cross-linking is a large density of localized 
states within the bandgap of the 2D material, as displayed in Figure 2b. As a consequence, 
the Fermi-level (EF) is “pinned” and the modulation via backgate voltage is reduced to on/off 
ratios of 102. The pinning effect on FET characteristics is clarified in Figure 2c. Despite the 
high applied gate voltage, the hybrid device cannot be switched off entirely and considerable 
amount of current is still induced into the channel. Additionally, the on-current flow in the 
accumulation regime is clearly reduced compared to its plain MoS2 counterpart, attributed to 
the Fermi level pinning below the conduction band edge.  
The phenomenon of Fermi-level pinning can be quite problematic in low dimensional 
semiconductor devices. MoS2 is known to be prone to such effects at semiconductor-metal 
interfaces29,30, where the pinning prevents ohmic contacts to be formed and eventually leads 
to high contact resistance. Little effort has been made, up to date, to circumvent the pinning 
effect for metal contacts. A typical method to avoid Fermi-level pinning is to passivate the 
interface traps with a thin oxide layer.  The passivation of the MoS2 contact area with Al2O331 
or TiO2 32 has been demonstrated to produce lower contact resistance.  
Figure 2d shows that with a thin TiO2 film at the MoS2/PbS interface, low off- and high on- 
currents close to initial MoS2 values are obtained in the depletion and accumulation regime, 
respectively. The regained backgate control over EF allows efficient channel depletion and 
accumulation, illustrated schematically in Figure 2e and 2f. 
Several devices with protected and unprotected interface have been compared, showing 
highly reproducible results as summarized in Figure 3. All tested control devices show 
strongly reduced on/off ratios of only 102 with relatively large off currents in the range of 10–
100 nA/ μm, at strongest possible gating just before breakdown of the underlying SiO2. The 
new device architecture MoS2/TiO2/PbS however largely retained its FET properties and the 
on/off ratio can be improved by more than 2 orders of magnitude compared to control 
devices. We also note that while the encapsulation improved dramatically the on/off ratio of 
the devices, we did not observe any effects on the mobility of the MoS2 channel before and 
after deposition of the QDs (data are shown in the supporting information, Tables 2 and 3). 
 
Phototransistor properties. 
Now we turn to the photodetection performance of the MoS2/TiO2/PbS device. In our 
previous work on MoS2/PbS devices high gain was found, a mechanism that creates multiple 
electrons per single absorbed photon. Also, the backgate dependent light response of the 
MoS2/PbS hybrid showed quite peculiar behaviour with a change of sign from positive 
photoresponse (depletion regime) to negative response (accumulation regime)13. The TiO2 
passivation of MoS2/TiO2/PbS devices, however, maintains the photoresponse positive 
throughout the full gate voltage range. Figure 4a demonstrates the modulation curves under 
dark and illuminated conditions for different illumination power. As depicted in the inset 
panel, the large bandgap interlayer rules out the possibility of hole injection from PbS into 
MoS2 as well as trap-assisted recombination at the interface, both plausible mechanism that 
might have caused the sign switch of photoresponse in MoS2/PbS devices. 
 
The photocurrent IPC = ILight – IDark versus backgate voltage for different illumination 
intensities (Figure 4b) shows strong modulation with VG and a clear maximum of response 
can be identified between 0 V and +5 V. The strongest response corresponds to the region 
with highest transconductance of the FET device, as observed for standalone MoS2 
detectors9,33. The Fermi level alignment in this region is favourable for low contact resistance 
operation and ideal for many cycles of electron circulation to produce maximum gain. Yet, in 
this region the hybrid also operates at high dark currents and therefore a more important 
figure of merit is the signal-to-noise ratio (SNR). In the same panel Figure 4b the SNR 
defined as IPC/IDark is illustrated and points out the phototransistors’ potential for highest 
sensitivity in its depletion regime at VG of -12 V to -15 V. Here the lowest dark currents and a 
maximum of sensitivity are achieved, despite the devices’ concurrent drop in photocurrent.  
 
To investigate in greater detail, we acquired power dependent responsivity defined as R = 
IPC/PIn in the two distinct regimes of operation, at 0 V and -15 V (Figure 5a). At both gate 
voltages the measured responsivity dropped with increasing power, because of saturation of 
sensitizing traps in PbS QDs, and shows responsivity of 103 A/W and 105 A/W at around 10 
nW/cm2. This is a characteristic footprint of trap dominated photoresponse34,35, where the 
ratio of longer lifetime of minority carrier (τlifetime) to short transit time of majority carrier 
(τtransit ) produces internal photoconductive gain, defined as G = τlifetime / τtransit .  
The decay process can be approximated by a first-order exponential relaxation function 
(Figure 5b). For a light pulse measured at 67 nW/cm2 and VG = -15 V, a time constant τdecay = 
12 ms was extracted and with increasing illumination power the device response accelerates. 
Taking the time constant as a measure of the carrier lifetime, a quantum efficiency of around 
28% can be extracted from its responsivity and gain measured at VG = 0 V (see methods).  
  
The purpose of the TiO2 interlayer in the MoS2/TiO2/PbS hybrid is two-fold, as for one it 
avoids the creation of high density of trap states at the interface and prevents the pinning of 
EF, but also allows charge transport between MoS2 and PbS. To verify the actual charge 
transfer mechanism between PbS and MoS2, the spectral response was measured at VG = -15 
V (Figure 5c). The curve clearly follows the absorption spectrum of the sensitizing QDs with 
an exciton peak at 965 nm (absorption spectra in SOM Fig. S1). Along with the finding from 
Figure 5a, it is evident that photons are absorbed within the QD film and charge carriers are 
subsequently transferred into the MoS2 channel, where the magnitude of gain can be tuned 
with FET channel conductance.  
To assess the sensitivity of MoS2/TiO2/PbS hybrid devices, the noise spectral density was 
measured at both gate voltages and spectral detectivity at 1 Hz bandwidth was calculated with 
D*(λ, 1Hz) = R × (AB)1/2/ iN, where A is the active detector area, B the bandwidth and iN the 
noise current (see SOM S2 for details). In the earlier predicted, highest SNR regime at around 
-15 V, the hybrid device reaches specific detectivity 5×1012 Jones in the visible and exceeds 
1012  Jones throughout the NIR wavelength range, measured at low applied electric fields of 
only 0.2 V/µm (Figure 5c). In the depletion regime the measured noise reaches the limit of 
the measurement system and even higher sensitivities can be expected for this device design. 
The shot-noise estimated detectivity of 3×1014 Jones showcases the potential of the new 
device architecture with further room of improvement. The dominant 1/f noise component 
and the fast response point to higher sensitivity at higher frequencies. In the highly 
responsive regime, at VG = 0 V, the sensitivity D* reduces as expected to 3×1011 Jones due to 
its larger dark and noise current. 
 
 
 
Discussion 
To summarize, we successfully incorporated a thin oxide buffer layer at the heterojunction of 
a 2D-dichalcogenide and an absorbing sensitizer. In a proof-of-concept device, consisting of 
a MoS2 - PbS QDs hybrid phototransistor, we passivated present defect sites at the interface 
with a thin semiconducting TiO2 layer and thereby retain electrical control of its FET charac-
teristics. The interlayer avoids the formation of a high density of localized states in the sub-
bandgap region that pin the Fermi level and hamper significantly its current modulation, as it 
is the case for unprotected MoS2/PbS devices. With this passivation scheme we achieved an 
improvement in modulation by more than 2 orders of magnitude, close to initial MoS2 on/off- 
ratios.  Moreover, the buffer layer at the junction serves as efficient charge separation and 
transport layer leading to quantum efficiency of 28%. The demonstrated phototransistors 
show excellent performance parameters with detectivity of 5×1012 Jones in the visible and 
temporal response of ≤ 12 ms, more than an order of magnitude improvement in sensitivity 
and speed compared to control devices13. We have presented a new route to engineer the in-
terface between 2D materials and strong absorbing semiconductors to form efficient hetero-
junctions without losing its unique electrical properties. We anticipate that this passivation 
mechanism creates a new path to better control interface and doping effects of 2D-crystal-
based heterostructures and can be useful for a wide range of applications. 
 
 
Methods 
MoS2 FET fabrication 
MoS2 flakes of different thickness (1–10 layers) were exfoliated with PDMS tape on pre-
cleaned Si/SiO2 (90 nm) wafer. Metal contacts were fabricated by means of direct laser writer 
lithography and Ti (2 nm) and Au (80 nm) electrodes were evaporated by e-beam and thermal 
evaporation, respectively. The final devices were annealed for 2h in ultrahigh vacuum at 
150ºC to improve contact resistance. Residual metal was lifted-off in NMP (1-methyl-2-
pyrrolidone) for 2h, followed by thorough Acetone and Isopropanol rinse. Inspection and 
structural characterization of the MoS2 devices considered in this work are provided in Fig. 
S4 of the supporting information, including optical microscopy images and Raman 
characterization. 
 
PbS QD film deposition 
The synthesis of PbS quantum dots was carried out under inert conditions using a Schlenk 
line as described in previous work13. The PbS thin film was spincoated in a standard layer-by-
layer approach at rotation speed of 2000 rpm. The QD concentration used was 30 mg/ml in 
toluene and EDT solution for ligand exchange was 2 vol. % in Acetonitrile. Toluene and 
Acetonitrile were used to rinse the device after each layer of QDs and EDT deposition. The 
resulting thickness of reported samples was in the range of 80–100 nm. 
 
TiO2 ALD deposition 
After test measurements in ambient conditions, devices were covered by TiO2 with atomic 
layer deposition technique (Savannah 200, Cambridge Nanotech). Prior to deposition, 
samples were annealed in nitrogen atmosphere in the ALD chamber at 200ºC for around 1h to 
remove surface bound adsorbates. The carrier and purge gas of the entire process was 
nitrogen. The temperature during the deposition process was maintained at 200 ºC. Titanium 
isopropoxide and H2O precursors were used alternating with open valve times of 0.1 s and 
0.015 s, respectively, separated by a 10 s pump time. The resulting growth rate was 
determined with a profilometer (Alpha-Step IQ) to be 0.04 nm/cycle. 
 
Electrical characterization 
All Current-voltage measurements were performed in ambient conditions using an Agilent 
B1500A semiconducting device analyser. The light response was recorded under global 
illumination with a spot size of 2 mm. For spectral photoresponse measurements the devices 
were illuminated with fiber-coupled and spectrally filtered light from a supercontinuum light 
source (SuperKExtreme EXW-4, NKT Photonics). Responsivity and temporal response times 
were measured under short-pulsed light at a wavelength of 635nm from a 4-channel LASER 
controlled with an Agilent A33220A waveform generator. 
The frequency dependent noise current was obtained by analysing the dark current in the 
conducting channel. Several dark current traces were acquired with the Agilent system under 
same VG and VDS conditions as the optical measurements. Since responsivity was measured at 
light modulation frequency of 1 Hz, the noise current was extracted at 1 Hz to calculate the 
corresponding detectivity D*(1Hz). The frequency dependent noise spectral density at two 
different VG and the estimation of D* at higher frequency can be found in the supplementary 
information. 
 
Quantum efficiency estimation 
The quantum efficiency QE of the hybrid phototransistors can be calculated from the 
measured responsivity R and an estimation of the photoconductive gain G, by using: 
		ܴ ൌ ఒ௘௛௖ ൈ ܳܧ ൈ ܩ								ݓ݅ݐ݄						ܩ ൌ
ఛ೗೔೑೐೟೔೘೐
ఛ೟ೝೌ೙ೞ೔೟   
where λ is the wavelength, e the elementary charge, h is the Planck constant, c the speed of 
light, and the photoconductive gain G is given by the ratio of carrier lifetime τlifetime over the 
transit time τtransit. The lifetime corresponds to the time constant of the photoresponse. The 
transit time, the time electrons need to flow through the MoS2 channel from source to drain, 
is given by L2/ μVDS, with L the channel length, μ the carrier mobility and VDS the source-
drain voltage. As the gain is strongly influenced by the applied gate voltage, we extracted the 
necessary data from measurements at VG = 0 V (SOM Fig. S3), where the FET is operated in 
accumulation and contacts are rather ohmic (as explained in the manuscript). With a transit 
time of 4.7 ns, this results in a photoconductive gain of 1.7 ×106 and finally in a QE ~ 28%. 
 
Supporting Information: 
TiO2 thickness dependence (T1), PbS absorption spectrum (S1), Noise spectra and detectivity 
estimation (S2), Decay time estimation (S3), Mobility before and after PbS deposition (T2, 
T3), Microscope images and Raman spectra (S4). 
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Figure 1. Device design and FET properties. (a) Device architecture after each fabrication 
step. Few-layer MoS2-FETs are fabricated by PDMS tape exfoliation and standard 
lithography, the TiO2 film is deposited by atomic layer deposition, and colloidal quantum 
dots are spincoated in a layer-by-layer process. The transfer curves for all stages of 
fabrication are plotted in linear (b) and logarithmic (c) scale. The shift of threshold voltage 
indicates clear n-type and p-type doping after TiO2 and PbS deposition, respectively. VDS = 
1V. 
 
 
 
 
Figure 2. Modulation model. (a) Transfer curve of a typical MoS2/PbS control device. The 
on/off ratio of the standalone MoS2 device is strongly reduced after PbS deposition. (b) Band 
alignment of MoS2 and PbS in direct contact. The crosslinking with dithiol ligands creates 
high density of localized sub-bandgap states in MoS2 that pins EF and reduces gate tunability 
to a small range ΔVG. (c) Band diagram of the MoS2 channel after PbS deposition with 
Schottky-barrier at the contact regions. The FET channel can neither be sufficiently switched 
off (off state) nor fully turned on (on state) due to the reduced EF control by backgate voltage. 
Panel (d) – (f) show the same model for the case of interface protected MoS2/TiO2/PbS hy-
brids. The on/off ratio is now widely maintained (d) because of an effective passivation of the 
interface region (e). The control of EF is preserved leading to low off state current injection 
and high on state current flow (f). 
 
 
Figure 3. Transistor operation improvement after interface engineering.  On/off ratio 
versus dark current density, plotted for many tested devices with similar channel dimensions 
in their depletion regime. Initially obtained ratios of 106-108 for standalone MoS2 are strongly 
reduced to 102 for MoS2/PbS control devices (blue arrow) and only slightly decreased to 105-
106 for interlayer protected MoS2/TiO2/PbS devices (orange arrow). Likewise, dark currents 
are strikingly decreased by more than 3 orders of magnitude after implementation of the buff-
er layer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Backgate dependent photoresponse and sensitivity. (a) Transfer curves of a hy-
brid MoS2/TiO2/PbS device at different illumination intensity specified in the legend. The 
small inset illustrates the electron charge transfer mechanism after photoexcitation due to 
well aligned conduction bands. Holes stay trapped in the PbS film as they can neither surpass 
the large TiO2 barrier nor recombine with electrons in the MoS2 channel. (b) Backgate de-
pendent photocurrent (right axis) and SNR ratio defined as ratio of photocurrent and dark 
current (left axis). Despite the strongest light response above the threshold voltage (VG ~ 0V), 
the highest sensitivity of the device is reached in the depletion regime (VG ~ -15V). 
 
 
 
 
 
Figure 5. MoS2/TiO2/PbS phototransistor properties. (a) Power dependent responsivity 
measured in the highly sensitive (-15 V) and highly responsive (0 V) regime. VDS =1 V. (b) 
Decay time of a light response at 67 nW/cm2. The approximation with a single exponential 
function results in a time constant of 12 ms. (c) Spectral responsivity (left axis) and detectivi-
ty (right axis) reveal a highly sensitive hybrid system with light absorption in the quantum 
dot thin film. The sensitivity of the hybrid system exceeds 1012 Jones over the whole vis/NIR 
spectral range.  
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The hybridization of two-dimensional transition metal dichalcogenides (TMDCs) with col-
loidal quantum dots is demonstrated to be an ideal platform for highly sensitive photodetec-
tion. The interface of TMDC-QD hybrids and controlled doping is thereby of paramount im-
portance for low noise operation. To maintain the unique electrical field-effect modulation in 
TMDCs upon deposition of colloidal quantum dots, a passivation route of the interface with 
semiconducting metal-oxide films is developed. The retained field-effect modulation with a 
large on/off ratio allows operation of the phototransistor at significantly lower dark currents 
than non-passivated hybrids improving its sensitivity. The present passivation method dis-
closes a new path to control interface and degenerate doping effects of 2D-crystal-based hy-
brid devices and can be useful for a wide range of applications. 
 
